Both antibodies and T cells contribute to immunity against influenza virus infection. However
Influenza A virus is an important human pathogen that causes worldwide epidemics yearly and pandemics sporadically. Protection against reinfection relies on the presence of neutralizing antibodies to influenza virus in the host, while clearance of infection is mediated by cellular immunity. In order to clear influenza virus infection from the lungs, it is important to generate Th1 immunity against the virus (18) . The optimal Th1 response consists of virus-specific gamma interferon (IFN-␥)-secreting CD4 T cells and cytotoxic CD8 T cells that lyse virus-infected cells (28) . Dendritic cells (DCs), the most efficient antigen-presenting cells able to initiate primary immune responses (27) , survey the body, and upon contact with particular pathogens, such as viruses or bacteria, undergo maturation and migrate to lymph nodes, where they present pathogen-specific antigens to T cells (7) . The phenotypic changes that occur in maturation include the upregulation of major histocompatibility complex (MHC) class II and costimulatory molecules and the release of proinflammatory cytokines and chemokines that enhance DCs' ability to stimulate T cells, leading to the initiation of adaptive immune responses specific for the infecting pathogen (2, 3, 30) . In addition to their critical role in initiating adaptive immune responses, DCs contribute to the antiviral innate immune system by secreting IFN-␣/␤, a powerful antiviral cytokine, in response to viral infection.
Employing human monocyte-derived DCs, we conducted a comprehensive analysis of human DC activation after influenza A virus infection by reverse transcription, followed by quantitative real-time PCR (qRT-PCR), using an extensive panel of genes associated with DC maturation and migration as well as genes involved in the IFN-␣/␤ pathway. Additionally, we analyzed the functional maturation of human DCs by their ability to secrete cytokines and chemokines following exposure to virus, and we examined their T-cell stimulatory capacity. We also investigated the capacity of influenza A virus-infected human DCs to stimulate naïve CD4 T cells. Previous work from our group suggested a link between the activation of the IFN-␣/␤ pathway and DC maturation (22) . Thus, we hypothesized that the IFN-␣/␤ antagonist protein of influenza A virus, the NS1 protein (16) , might also be responsible for attenuation of DC maturation following influenza virus infection. Using recombinant viruses expressing or not expressing the NS1 protein, we assessed the impact of NS1 expression on human DCs exposed to viruses with respect to the ability to undergo functional maturation as well as to induce the IFN-␣/␤ system. Our results demonstrate that the NS1 protein prevents not only the induction of IFN-␣/␤ by human myeloid DCs but also the induction of a transcriptional program associated with DC maturation, resulting in suboptimal stimulation of T cells. In contrast, viruses lacking the NS1 gene are potent stimulators of human DCs and therefore might be potent immunogens to be used in live attenuated vaccine approaches.
MATERIALS AND METHODS

Viruses and cells. Recombinant Newcastle disease viruses (NDVs) NDVB1
and NDVB1-NS1 were generated from the B1 Hitchner avian vaccine strain as previously described (34) . Influenza virus DeltaNS1 was generated from influenza virus A/PR/8/34 (PR8) as previously described (10) .
Influenza viruses PR8 (H1N1), A/Texas/91 (Texas) (H1N1), and A/Moscow/99 (Moscow) (H3N2) and recombinant NDVs were grown in 9-day-old embryonated chicken eggs (SPAFAS; Charles River Laboratories). The influenza virus DeltaNS1 was grown in 6-day-old embryonated chicken eggs (10) . All influenza viruses were titrated on MDCK cells by detection of hemagglutination (HA) activity in the supernatants after 48 h of infection, as previously described (13) . The PR8 and DeltaNS1 viruses were also titrated by immunoflourescence, using a monoclonal antibody, PY102, specific for the HA protein (obtained from Jerome L. Schulman). NDVs were titrated by immunofluorescence of Vero cells at 24 h postinfection, using the monoclonal antibody 7B1, which is specific for the NDV protein HN (5 g/ml) (Mount Sinai Hybridoma Shared Research Facility). All virus infections were performed in infection medium (Dulbecco's modified Eagle's medium, 0.35% bovine serum albumin, 0.12% NaHCO 3 , 100 g/ml penicillin-streptomycin). For influenza virus titrations, 2.5 g/ml trypsin was included in the infection medium.
MDCK , 100 units/ml of penicillin, and 100 g/ml streptomycin [Invitrogen]) supplemented with 500 U/ml human granulocyte-macrophage colony-stimulating factor (Peprotech) and 1,000 U/ml human interleukin-4 (IL-4; Peprotech) and incubated for 5 to 6 days at 37°C.
Infection and treatment of DCs. After 5 to 6 days in culture, cells were infected with NDVs or influenza viruses at a multiplicity of infection (MOI) of 0.5 for 40 min in serum-free RPMI or treated with lipopolysaccharide (LPS; from Escherichia coli) at 100 ng/ml (Sigma Aldrich) or with 3,000 U/ml IFN-␤ (PBL). Cells were then plated in DC medium at 1 ϫ 10 6 cells/ml for different time periods, depending on the experiment.
Capture ELISAs. Capture enzyme-linked immunosorbent assays (ELISAs) for IL-1␤, IL-6, tumor necrosis factor alpha (TNF-␣), macrophage inflammatory protein 1␤ (MIP1␤), IP10 (all from R & D Systems), IFN-␣, and IFN-␤ (Biosource) were used according to the manufacturers' instructions to quantify the cytokines and chemokines in the DC supernatants. Plates were read in an ELISA reader from Biotek Instruments. ELISAs for RANTES and IL-8 (Upstate) were performed as part of a multiplex assay following the manufacturer's protocol. Plates were read in a Luminex plate reader, and data were analyzed using software from Applied Cytometry Systems.
Flow cytometry. Cells were stained with fluorescein isothiocyanate-linked CD83 or HLA-DR and phycoerythrin-linked CD11c, CD80, or CD86 according to the manufacturer's instructions (Beckman Coulter or BD-Pharmingen), and the expression of each marker was determined by flow cytometry after gating on the lineage-specific marker, using an Epics XL Expo 32 or FC500 flow cytometer from Beckman Coulter. Data were analyzed using Flowjo software.
RNA extraction and generation of cDNAs from human DCs. Samples of 1 ϫ 10 6 to 2.5 ϫ 10 6 DCs differentially treated according to the experimental protocol were pelleted, and RNAs were isolated and treated with DNase by using an Absolutely RNA RT-PCR miniprep kit (Stratagene). RNAs were quantified using a Nanodrop spectrophotometer (Nanodrop Technologies). The yields of RNA were approximately 50 to 100 g/sample.
Quantitative real-time PCR. qRT-PCR was performed by using a previously published SYBR green protocol with an ABI7900 HT thermal cycler (47) . Each transcript in each sample was assayed two times, and the mean cycle threshold was used to calculate the x-fold change and control changes for each gene. Four housekeeping genes were used for global normalization in each experiment (actin, Rps11, glyceraldehyde-3-phosphate dehydrogenase, and tubulin genes) (17) . Data validity by modeling of reaction efficiencies and analysis of measurement precision was determined as described previously (47) . Primer sequences are listed in Table S1 in the supplemental material.
Alloantigen stimulation of naïve CD4 T cells and PBLs by DCs. DCs that either were not treated or were infected with influenza virus or NDV were mixed together with allogeneic naive CD4 T cells (naïve CD4 isolation kit from Miltenyi Biotec) or PBLs from buffy coats and cultured for 4 days in 96-well plates at a ratio of 1:1 (10 6 DCs/ml to 10 6 PBLs/ml) or 1:5 (2 ϫ 10 5 DCs/ml to 10 6 naïve CD4 T cells/ml). Supernatants from the cocultures were tested by ELISA for IFN-␥ release at different times of culture (R&D Systems).
Topic-defined PIQOR immunology microarrays. Samples of 1 ϫ 10 6 to 3 ϫ 10 6 DCs were infected with NDVB1 or NDVB1-NS1 or mock infected for 18 h as described above. Samples were shipped to Memorec (a Miltenyi Biotec company), and all the procedures for microarrays were performed according to their standard protocols. Briefly, RNAs were extracted from the cells (NucleoSpin RNA II; Macherey-Nagel) and amplified. Fluorescence-labeled probes were hybridized to topic-defined PIQOR immunology microarrays (human antisense) and subjected to overnight hybridization using a hybridization station.
RESULTS
Influenza virus-infected DCs induce lower levels of T-cell activation than do DCs treated with NDV or LPS.
Mature DCs are much better stimulators of naïve T cells than are immature DCs. While T-cell proliferation can be associated with induction of immunity, the secretion of IFN-␥ by T cells is the hallmark of Th1 immunity. When influenza virus-infected DCs were used to stimulate allogeneic purified naïve CD4 T cells, they induced considerably lower levels of IFN-␥ release than did LPS-treated or NDV-infected DCs (Fig. 1) . In contrast, all of the DCs induced comparable levels of proliferation of allogeneic naïve CD4 T cells (data not shown). Similar results were obtained with allogeneic PBLs (data not shown). Thus, there is impairment in the ability of human DCs infected with influenza viruses to prime T cells towards the Th1 phenotype required for effective antiviral adaptive immune responses.
Influenza virus induces less maturation of human DCs than does NDV or LPS. Myeloid DCs are present in the lungs, and after interaction with pathogens or their structural elements, they undergo a maturation process that culminates in their migration to the lymph nodes and the priming of naïve T cells to initiate the appropriate immune response. We tested the Figure 2A shows the levels of TNF-␣ and IL-6, two representative proinflammatory cytokines, released into the culture supernatants of DCs treated with LPS or infected with either NDVB1 or influenza virus PR8, Texas, or Moscow. There was a significant reduction in the levels of TNF-␣ and IL-6 released by DCs infected with the influenza viruses compared to NDV-or LPS-treated cells, as measured by ELISA. Additionally, NDVB1 induced high levels of IFN-␣ and IFN-␤ release from DCs, while influenza viruses induced almost undetectable amounts (Fig. 2B) . This was probably due to the expression by influenza viruses of the NS1 protein, a known antagonist of IFN-␣/␤ production (16). In our experiments, LPS induced undetectable levels of IFN-␣/␤. DCs were also tested by flow cytometry for the upregulation of MHC class II and costimulatory molecules. Influenza virus induced less expression of MHC class II and costimulatory molecules on DCs than did NDVB1 (Fig. 2C) .
Virus infection induces a distinct transcriptional response in human myeloid DCs compared to that after IFN-␤ treatment. Previous data showed a correlation between the ability of a virus to induce high levels of IFN-␣/␤ and its ability to trigger strong DC maturation (22) . Since IFN-␣/␤ released by the DCs could by itself be responsible for the enhanced maturation of NDV-infected DCs, we tested the effects of IFN-␤ treatment of human DCs compared to infection with NDVB1 (a virus without a gene product able to block IFN-␣/␤ production in human DCs) or influenza virus PR8 (a virus with a known inhibitor of IFN-␣/␤ production, NS1). Gene activation in DCs was determined by using qRT-PCR. Figure 3A shows genes upregulated at high levels (Ͼ100-fold induction), and Fig. 3B shows genes upregulated at moderate levels (up to 100-fold induction) compared with those in mock-infected DCs. Clearly, NDVB1 infection induced the upregulation of numerous genes in the DCs implicated in the generation of innate and adaptive immune responses compared to influenza virus PR8 infection and IFN-␤ treatment. NDVB1 infection induced the upregulation of IFN-␤-responsive genes (such as those encoding IFI56K, MXA, IP-10, IRF7, STAT1, and CCR7) as well as genes that are not inducible by IFN-␤ (those encoding IL-12 p35, IFN-␤, and MIP1␤). Some genes, such as those for CCR7 and IRF7, are induced to moderate levels by IFN-␤ but to much higher levels by virus infection. Thus, the enhanced activation induced by NDVB1 was not solely the result of binding of released IFN-␤.
The NS1 protein of influenza virus blocks the production of IFN-␣/␤ and other proinflammatory cytokines by influenza virus-infected human DCs. The NS1 protein of influenza virus has been shown to prevent the transcriptional activation of the IFN-␤ gene. An influenza virus lacking the NS1 protein, but otherwise identical to PR8 (DeltaNS1), was previously engineered by reverse genetics (16) . DCs were infected with the PR8 and DeltaNS1 influenza viruses to study the role of the NS1 protein in their maturation. As expected, PR8 influenza virus, which expresses the NS1 protein, showed a dramatic reduction in IFN-␣/␤ release from infected DCs compared to the same virus lacking the NS1 protein (DeltaNS1) (Fig. 4A) . Additionally, PR8 virus-infected DCs showed a reduced release of the proinflammatory cytokines TNF-␣ and IL-6 ( Inhibitory effect of NS1 protein on DCs is specific for genes important for DC maturation and migration. We selected a panel of more than 60 genes involved in DC maturation, Tolllike receptor signaling, and the IFN-␣/␤ pathway to be used in a high-throughput transcriptome qRT-PCR of RNAs isolated from differentially treated human DCs. This approach revealed that the inhibitory effect of the NS1 protein from influenza virus extended to several groups of genes, including cytokine, chemokine, chemokine receptor, and IFN-related genes. Some of these results are shown in Fig. 5 . DCs infected with influenza viruses PR8 and DeltaNS1 were analyzed for their patterns of gene expression compared to that of uninfected DCs (Fig. 5A shows genes upregulated Ͻ150-fold, and Fig. 5B shows genes upregulated Ͼ150-fold over those in uninfected cells). Included are genes coding for cytokines involved in T-cell activation (IL-12 p35 and IL-23 p19), chemokines and chemokine receptors involved in DC migration (MIP1␤ and CCR7), and antiviral cytokine genes (IFN-␣ and IFN-␤) that were highly affected by the presence of the NS1 protein. Several genes were moderately affected or not affected by the NS1 protein ( Fig. 5A and B) . The supernatants from DCs after infection were also tested by ELISA for the presence of the chemokines MIP1␤ and IP-10 ( Fig. 5C) , thus confirming the qRT-PCR data. The inhibition of the induction of MIP1␤ and CCR7 would be expected to diminish the capacity of the DCs to migrate to the lymph nodes and initiate antiviral (Th1) immunity (37) .
Human DC maturation induced by NDV infection is attenuated by the NS1 protein. In order to further investigate the inhibitory effects of the NS1 protein on DC maturation, we used a chimeric NDV virus containing the NS1 gene of the influenza virus PR8, designated NDVB1-NS1 (34) . This recombinant virus allowed us to study whether the effects of NS1 expression were specific for influenza virus or would function in another viral context. Human DCs were infected with the recombinant viruses NDVB1 and NDVB1-NS1, and their patterns of maturation were studied. Figure 6 shows the effects of NS1 in the context of NDV on cytokine production and the expression of genes related to DC maturation and function. Similar to data obtained from DCs infected with the influenza FIG. 3 . Infection of human DCs with influenza virus PR8 resulted in low expression of genes involved in DC maturation compared with that in NDV infection. Human DCs were either infected with NDVB1 or influenza virus PR8 at an MOI of 0.5 or treated with 5,000 U/ml of IFN-␤ or 500 ng/ml of LPS. At different times after treatment, RNAs were isolated and used to generate cDNAs to test increases in specific gene expression. (A) Genes upregulated at high levels 24 h after treatment; (B) genes upregulated at moderate levels 24 h after treatment. The data are representative of at least three independent experiments with cells from different donors and are given as x-fold increases in gene expression over that in uninfected cells (NI). viruses PR8 and DeltaNS1, the maturation of DCs infected with the NDV virus expressing the NS1 protein of influenza virus (NDVB1-NS1) was clearly reduced. The presence of the NS1 protein had a dramatic inhibitory effect on the ability of DCs to express and secrete proinflammatory cytokines (Fig.  6A ) and IFN-␣/␤ (Fig. 6B and D) and on the expression of genes such as those for CCR7, MIP1␤, IL-12 p35, and IL-23 p19, which are important in the initiation of antiviral immunity (5, 26, 44), (Fig. 6C and D) . Overall, the NS1 protein showed the same inhibitory effect on IFN-␣/␤ production and DC maturation regardless of the background virus. Viruses expressing the NS1 protein of influenza virus induce less chemokine production from DCs and are less efficient at activating DCs to prime T cells towards Th1 immunity. Chemokines released from activated DCs are believed to play an important role in the migration of cell types involved in innate and adaptive immunity (37) . The NS1 protein also showed an inhibitory effect on the ability of DCs to secrete chemokines such as RANTES, IL-8, and MIP1␤. Thus, DCs infected with NDVB1-NS1 produced almost no RANTES, IL-8, or MIP1␤ relative to what was observed in response to NDVB1 (Fig. 7A) .
In order to investigate the functional significance of NS1 expression on the ability of DCs to induce allospecific stimulation of T cells, DCs were infected with NDV, with or without the NS1 protein of influenza virus, and subsequently cocultured with naïve PBLs. DCs infected with the NS1-expressing virus (NDVB1-NS1) were less efficient than DCs infected with virus lacking the NS1 protein (NDVB1) at priming allospecific lymphocytes for Th1 immunity, as determined by the release of IFN-␥ (Fig. 7B) .
The inhibitory effect of the NS1 protein on DC maturation is gene specific and is not a global effect. The effect of the NS1 protein on the maturation of DCs was not a global effect, since there were many genes upregulated or not affected by the presence of the NS1 protein in virus-infected human DCs (Fig.  8A ). Additionally, we tested DCs infected with NDVB1 ( Fig.  8B ) and NDVB1-NS1 (Fig. 8C ) relative to uninfected DCs by microarray analysis, using a panel of more than 1,000 genes (Memorec; Miltenyi Biotec). The results obtained by microarray analysis strongly support our qRT-PCR and ELISA data (data not shown) and indicate that the effect of the NS1 protein on DC gene expression is not a global effect, since many genes are not affected by its presence.
DISCUSSION
Influenza A virus is a negative-strand RNA virus that causes significant morbidity and mortality yearly in humans and other species (33) . Protective neutralizing antibodies are able to prevent reinfection with the same strain, but due to the high rate of mutation of influenza viruses, the immunogenic epitopes in the HA and NA proteins change very rapidly, and neutralizing antibodies are not efficient at blocking reinfection with the mutated drifted viruses (reviewed in reference 46). Cellular immunity is crucial for clearance of the virus from the lungs, and both CD4 and CD8 T cells appear to play an important role. If viruses are able to avoid elements of innate immunity, such as the IFN-␣/␤ response, then they have a great advantage, since adaptive immunity requires more time to generate. One efficient way to reduce the effects of the immune response on virus replication is to block both arms of immunity, i.e., IFN-␣/␤ production and DC activation, interfering with T-cell priming by DCs. Although it is known that influenza A viruses induce T-cell responses in their hosts, it is not clear whether this induction is optimal or whether mechanisms are used by these viruses to prevent the onset of a very strong T-cell response that would otherwise limit viral replication. Using a human in vitro system, we analyzed the ability of influenza A virus to induce DC activation and examined the CD4 T-cell priming capacity of the infected DCs as an indicator of their ability to initiate Th1 immunity. We observed that the PR8 influenza virus failed to induce a strong Th1 immune response in allospecific cultures of infected DCs and naïve CD4 T cells (Fig. 1) . Influenza virus PR8, as well as more recent influenza virus isolates, failed to induce DC activation, as measured by the upregulation of costimulatory molecules, cytokine secretion, and the upregulation of the expression of several genes involved in the IFN-␣/␤ response and in DC activation (Fig. 2, 3, 4, and 5) .
Among the 11 proteins encoded by influenza virus, the NS1 protein has been shown to block the production of IFN-␤ in infected cells, including epithelial cells and DCs (22) . This feature of influenza virus allows it to evade innate immunity. In our studies, we have analyzed the effects of the NS1 protein, not only on IFN-␣/␤ production but also on virus-induced maturation of human myeloid DCs and their ability to prime CD4 T cells towards Th1 immunity. If the viruses used to infect DCs expressed influenza virus NS1 (influenza viruses PR8, Moscow, and Texas and NDVB1-NS1), the cells failed to mature fully in vitro (by upregulation of costimulatory molecules and release of proinflammatory cytokines) (Fig. 2, 4, 5, 6 , and 7). The infection of DCs with viruses lacking the NS1 protein of influenza virus (NDVB1 and the influenza virus DeltaNS1) resulted in the induction of strong DC maturation, as shown by flow cytometry (Fig. 2C) and ELISA ( Fig. 2A and B, 4A and B, and 6A and B). The inhibitory effect of the NS1 protein on DC maturation could be seen even more clearly at the level of gene transcription ( Fig. 5A and B, 6C and D, and 8A; see Fig. S1 in the supplemental material). The genes affected by the NS1 protein included those encoding mediators of antiviral immunity, antiviral cytokines, inflammatory chemokines, and the chemokine receptors necessary for DC migration to lymph nodes. Recently, it was shown that influenza virus infection induces a very highly coordinated chemokine response in different subsets of human DCs (35) , indicating the importance of the pattern of chemokine secretion by DCs in the generation of immunity to influenza virus. Importantly, the NS1 effect also alters the functionality of DCs by preventing the efficient activation of T cells. Thus, T cells proliferated normally but were insufficiently polarized to produce IFN-␥ when incubated with DCs infected with an NS1-expressing virus ( Fig. 1 and 7B ). This clear inhibitory effect by the influenza virus NS1 protein on human DC maturation and function is neither a global effect nor simply the result of inhibition of IFN-␣/␤ release and signaling. The addition of antibodies to IFN-␤ at the time of infection of human DCs with the PR8 influenza virus affected the levels of expression of IFN-inducible genes, while IFNindependent genes were not affected (data not shown). There were numerous genes not affected or moderately affected by the presence of the NS1 protein in infected cells (Fig. 5A and B, 6C and D, and 8A and C). Additionally, this gene-specific effect was very reproducible among several donors and could be observed regardless of the background virus used to express NS1 ( Fig. 8; see Fig. S2 in the supplemental material) . The absolute values of gene expression between different donors could differ, but the effect of NS1 was maintained among multiple donors tested.
The NS1 protein of influenza virus has been described as mediating multiple effects on cells after virus infection. Predominantly, it has been shown to inhibit pathways involved in IFN-␤ production, such as the protein kinase R (PKR) pathway (6, 19, 24) , and the activation of the transcription factors NF-B, AP-1, IRF3, and IRF7 (39) . Our hypothesis is that one or more of these elements involved in IFN-␤ production may also be the target for the inhibitory function of NS1 on the expression of genes involved in DC maturation. PKR has been reported to be important for the production of IFN-␤ in response to double-stranded RNA treatment (8) ; however, other groups have shown that it is not essential for IFN-␤ production or for DC activation after virus infection (39) . IRF3 and IRF7, two molecules involved in IFN-␤ production, may be targets for the NS1 protein to downregulate gene transcription. However, we have observed that DCs genetically deficient in IRF3 mature normally to negative-strand RNA viruses (data not shown), and IRF7 synthesis in conventional DCs depends on IFN signaling, which is not essential for full DC maturation in response to RNA virus infection (22) . Most likely, the inhibition of genes involved in DC maturation by NS1 is mediated by inhibition of transcription factors such as NF-B and AP-1. These transcription factors, which were shown to be inhibited by the NS1 protein (25, 32, 45) , participate in both IFN-␤ and cytokine production. Interestingly, we found that the chemokine IL-8, which is strongly dependent on NF-B and AP-1 for its induction (20) , is strongly inhibited by the NS1 protein in DCs ( Fig. 7A ; see Fig. S1 in the supplemental material). Although the effects of NS1 were gene specific, it is also possible that part of these effects are due to the proposed inhibition of gene expression by the NS1 protein through a block in cellular mRNA processing (29) .
One of the most important elements of the antiviral innate immune system is IFN-␣/␤. Most cell types, including respiratory epithelial cells and DCs, synthesize IFN-␣/␤ in response to virus infection (1, 15) . Upon release from infected cells, IFN-␣/␤ binds to its receptor, present in the secreting cells and in adjacent cells, thus establishing an antiviral state characterized by the production of numerous proteins that inhibit the ability of viruses to replicate (reviewed in references 1 and 15). Many viruses evade the IFN-␣/␤ system through the expression of viral IFN antagonist proteins. In the case of influenza A virus, the NS1 protein was shown to be a potent IFN antagonist in epithelial cells through its N-terminal double-stranded RNAbinding domain, which prevents the induction of type I IFN synthesis during viral infection (9, 42 ). Our results demonstrate that influenza virus inhibits not only IFN-␣/␤ release in human DCs but also maturation of DCs, and they suggest that the NS1 protein of influenza virus attenuates the initiation of adaptive immune responses in infected individuals. Recent reports have also shown low levels of IFN-␣/␤, TNF-␣, and IFN-1,2,3 release by influenza virus-infected human DCs compared to those in Sendai virus infection and low levels of DC maturation induced by influenza virus (31) . A number of reports have documented enhanced immunogenicities of viruses with mutated or truncated NS1, consistent with an inhibitory effect of this protein on adaptive immunity (12, 41, 43) . Due to the attenuation properties of NS1 mutant viruses in their hosts (11, 36, 40, 41, 43) and to the enhanced ability of NS1 mutant viruses to induce human DC maturation (this report), we sug- gest that these viruses are good candidates to be considered as live attenuated vaccines against influenza. Thus, a lack of NS1 function results in mutant influenza viruses with more potent adjuvant properties in DCs. Further investigation will be required to demonstrate the vaccine efficacy of NS1 mutant viruses in humans as well as to determine whether our observations might also be generalized to other viruses that carry IFN-␣/␤ antagonists. Interestingly, it has recently been shown that the IFN-␣/␤ antagonist genes of respiratory syncytial viruses also appear to prevent optimal stimulation of human DCs (38) . Here we report an inhibitory effect of NS1 on elements from DCs, which are important for the initiation of Th1 immunity. This inhibitory effect on adaptive immunity may have been overlooked due to previous virus exposures in the human outbred population. This effect could be compensated for by the generation of a strong CD8 T-cell memory response after influenza virus infection that overcomes the weak CD4 T-cell response, as has been suggested for mouse models (48) . On the other hand, the expected decrease in the adaptive immune response due to the NS1 effect could be compensated for by the release of type I IFN or other proinflammatory cytokines from plasmacytoid DCs (pDCs) in vivo, providing an adjuvant effect in trans on myeloid DCs, as recently suggested (4) . While a direct role for pDCs in the induction of adaptive immune responses against viruses in vivo has not been documented, a number of studies have demonstrated a requirement for type I IFN for optimal maturation of myeloid DCs (14, 21, 23) . Further experimentation will be required to evaluate the role of pDCs in the induction of immunity against influenza viruses.
In summary, using recombinant NDV and influenza viruses expressing the NS1 IFN antagonist of influenza virus, we have shown that the NS1 protein is able to attenuate a primary human cell system in both innate immunity and a critical element necessary for the initiation of adaptive immunity, DC maturation. This dual immune evasion strategy is likely to be utilized by other viral IFN antagonist proteins. Further characterization of this strategy, in which a single protein targets both innate and adaptive immunity, may prove to be extremely useful for the design of live virus vaccines or therapeutic agents with improved immune efficacy.
